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Needs for large beam power & rapid acceleration
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1. Large Beam Power
Proton Driver:
secondary particle production (K, n,RI.....)
spallation neutron source
ADS for nuclear energy breeding
2. Rapid Acceleration
Acceleration of short-lived particles:
muon ---- Neutrino Factory, Muon Collider
unstable nuclei
ENERGY : 1 ~ 10 GeV, CURRENT: ~ mA



WHAT is FFAG? I

FFAG=Fixed Field Alternating Gradient

[1 Fixed Field => Static Magnetic Field like Cyclotron
I O OO0 no time-varying magnetic field

Alternating Gradient => 3-D Strong Focusing in Beam Motion like Synchrotron
1 0O OO O alternating layout of "F" and "D" magnets
Jodoog

FFAG Accelerator was proposed by Tihiro Ohkawa in 1953
High Repetition -> High Intensity Beam

O BEAM EXTRACION ->by "Kicker Magnet" in FFAG ?




Features of FFAG I

time-varying field in acceleration

Slow Acceleration
Low Repetition

static field in acceleration

Rapid Acceleration
High Repetition




CERN COURIER Vol 40, October 2000

KEK laboratory demonstrates
fixed-frequency synchrotron

frequancy prtan sscelerstion.

The Japanese KEK lsboratary has for the first
time damonstratad an alternative method of
accelgrating pratons to high energy - the
fimad-fietd, altarnating gradient {FRAG) Syn
chrodron,
In & noemad wariable frequency synchatrn,
| the radigfrequeency of the applied electric fields
. {which sooalerate the circulaling beam) &
increased o remain In step with the beam as il
bacomes ncraasingly distared by relativity,
[ W0 zuich a synchaotron the beams circulate
| inside & magnetic tubs, obyiating the need for
| & large magnet to enciosa the whola machine
| (&= had been the case for the cyclotron), In

This 2.5 m diameter experiment af the japanese KEW laharatory has demonstrated Tuesd-

Thi% i e FEAG hiea, which was first proposed
and demanstrated for eleclans by the
Midwestern Universities Reseanch Association
taam in Chicago,

Urdetr the beadership of ¥oshihar Mori,
design at KEK started in January 1999 and
the first beam was accelerated on 16 Jume
2000, The fact that these machines s fixed
Fialds allsws them 1o operata at high rapeti-
tion rates and produce high-intensity beams,
Tha proe b pay = karge aperturas, 2 laeger
circumfenence and conssgquently massive
magnits, which has favouned so far the now
ciassical atternating gradient putsed Syncnng-

- T ] [ e |

pop (proof-of-principle)
FFAG at KEK

World First Proton FFAG
Accelerator !
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Cardinal Conditions of FFAG

Magnetic field configuration
* Zero-chromaticity
---> Betatron functions are scaling for enerygy.v v, constant

KZ
X"+9g, =009, = K_z(]_—n)
0

2

Z' + gzz - Oigz - Tn
KO

a)Geometrical similarity b)Constant n

iBﬁ =0 o

$ DKO =const. % - O

=const.
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FFAG Magnetic Field Configuration

Scaling type of FFAG
a)Geometrical similarity b)Constant n
[POL r oBO
(a) " 1 =¢=congt., (b) n; = “BlorD,

B(r,0) = DrngéI?—clnﬂ
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Magnetic Field Configuration : Scaling Type

a) Radial Sector b) Spiral Sector

/tunable /small excursion
/short straight section /less tunable

Fic. 2. Plan view of radial-sector magnets.
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Magnetic Field Configuration : Scaling Type

Orbit Excursion :

AROEEB
il =)

0

|::|L/k |:|
—_ 1|j%
s

K :Large (>>1) --> Orbit excursion ~ small : <1m

Large non-linear field for large K “Dynamic Aperture™
k(k-1) , ., k(k-D)(k-2)
2!

BOr'= roér kAR Ar3+DI[I]]I%
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FFAG accelerator

FFAG principle : Onkawa (1953), Symon, Kolomensky
~’50s
Magnetic field strength : constant ---> Moving orbit
@MURA project

(Dproof-of-principle machine :electron model->worked successfuly!

(2)30GeV proton machine:proposal
(3) proton-proton collider(two beam accelerator):proposal

No practical proton machine so far!

(L) Complicated magetic field configuration : 3D design
(2)RF cavity : Variable Frequency & High Gradient=>High Rep.
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High Gradient & Broad-band RF cavity

Contradiction between HG & BB?
High gradient(HG): high shunt impedance
Broad band(BB) : low Q (<1)

L T L[lcd g
Q=+ R =HuQIC |j % %

air-gap cavity : =1, then Q. should be high.
If large . material at rf frequency is used, Q can be
low. cf. Q.. =10000 eq. =10000, Q=1

HG & BB Cavity--> possible with high . material

But, ferrite cannot be used!



Magnetic Alloy
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A high-permeability soft magnetic alloy, such as
FINEMET and METGLAS has become available for

applying the RF cavity, recently.

Characteristics of MA:

(1) The pQf-value remains constant at a high RF mag-
netic field (Brf) of more than 2 kG.

(2) A high Curie temperature, typically 570°C for
FINEMET.

(3) The intrinsic Q-value is small. No frequency tun-
iIng loop is necessary in the cavity control system
because of its low Q-value (Q~1). This substantially
widens the stable operating region of the cavity load-
ing phase angle under heavy beam loading. The
longitudinal coupled-bunch instability may be re-
duced

(4)The Q-value can be increased up to more than
10(Q>10) by a radial gap with cut-core configura-
tion.

(5) Fabrication of a large core is possible because
the core is formed by winding the very thin tapes.

&

[ i
=

uQf(shunt impedance) ys B_(=V_/.3)
2 O0E+10 s
la B FT3-small
\ — FT3-large
1.00E+10 P
R A AR
0, OOE+00
1 10 100 1000 10000
Brf (Gauss)

Typical characteristics of Ni-Zn ferrite
and Magnetic Alloy(FINEMET).
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Power Test of High Gradient Test Cavity

TEST CAVITY
*Single core (0.D=580mm,1.D=250mm, t=25
*Direct water cooling

*RF power :30kW max.(B-class)

Achieved:
EFG = 100kV/m (cw )
EFG = 220kV/m (burst)
(limited by RF amplifier)

The gap voltage of the test cavity. The maximum RF

lllllll

) -5.56250 kv
/1950

i um i e voltage of 5.5kV(=220kV/m)was obtained.
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FFAG : revival 2000
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New type RF Cavity @KEK
“High Gradient & Broad band” (f ~ MHz)

“Magnetic Alloy (MA) loaded Cavity”
MA tape : “FINEMET”(nano-crystal alloy)
*High gradient :@: 50 ~100 kV/m (ferrite ~10kV/m)

*Broad band :@ no need for frequency tuning(Q~1)

Large Repetition Rate : ~1kHz
Large beam aperture : MA tap
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Development of proton FFAG accelerator

PoP (proof-of-principle) model using MA cavity
aims:
(1) fast acceleration : t<lmsec --> 1kHz rep. rate
(2) first proton FFAG accelerator

(parameters)

Type of magnet Radial sector type (Triplet)

No. of sectors 8

Field index(k-value) 2.5

Energy 50keV(injection) ~ 500keV

Reptition rate 1kHz

Magnetic field Focus-mag.: 0.14~0.32Tesla
Defodus-mag. : 0.04~0.13Tesla

Radial of closed orbit 0.81~1.14m

Betatron tune Horizontal : 2.17~2.22
Vertical : 1.24~1.26

rf frequency 0.61~1.38MHz

rf voltage 1.3~3.0kVp
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PoP proton FFAG accelerator

: ion source

: chopper electrode

: triplet-quadrupole magnet
: steering magnet

: solenoid magnet

: beam slit

: Faraday cup

. : septum electrode

o 9: bump electrode

— 10: sector magnet

: 11: F-magnet pole

12: D-magnet pole

13: beam position monitior
14: RF cavity

15: RF amplifier

16: vacuum bellows

17: turbo molecular pump
18: cryopump

)
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PoP proton FFAG model
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Radial Sector -Triplet Type

%: 6_-6_,N :sector number

geometrical field index : k
E_

0

field index (seen by particle): n

1+ &cosy
1+2&cosy +¢&°

¢=¢-1 (=

I
0

. circumference factor

F,D

1 .
a = ——  momentum compaction factor
K+1
|
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Beam Optics Parameters

Linearized beam parameters : SAD
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Acceptance

-

- gt A, > 10000 mm.mrad
200Turns

A, > 300 mm.mrad
Horizontal{ Wv=0pimmmrad) Vertical(Wh=0pimmmrad)

Hor i zontal Wertical



FFAG Magnet




‘rf Accel. CavityI

10




Beam Acceleration

| injection |

BPM signal

A S0 psec/div

|‘| FFT result

thi o el

synchrotron frequency :
24.06kHz

| flat top |

BPM signal

50 usec/div

It h FFT result
[ e

vishbwapl

» 16.78MHz




Betatron Tune (2)

betatron tune vs F/D ratio

o ! ! !
| o Horiiontal tune (measﬁred)
. O Horizontal tune (calculated)
e i S m Vertical tune (measured) 4 Betatron tune shift as a function of F/D ratio:
O Vertical tune (calculated)
o3 L e | -verticd

Fractional part of tune

02} R _
- horizontal

0.1 g ' |
3.6 3.8 4.0 4.2

F/D ratioin B*L

‘The vertical tune can be adjustable by changing F/D ratio! I

FFAGO2L Workshop 2002.02.74(Thu.)




RF Knockout Resonance & Betratron +une

f
RF knockout resonance: PV +qw, =M= fRF _
rev | ( p,gm =integer)
250keV flat top 250keV flat top after RF knockout
revolution freqg. |
X | )
FFT spectrum RE spect.rum i “l ! l‘lh ” | 'I
ﬂmTW s L ! I Mmm II__..)_-_‘!.:.E.:..:._-. . 8200000 =3 -

fractional part of etatron tune
v.=0.195 (0.199@E_inj )




Beam Acceleration

BPM signals during the acceleration
il S peam orbit shift

(a) inner dectrode

1050
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900

>
© pumy
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=
=
S
s

position [mm]

8501 -

800 : . measured
ol g | — caculated

0.0 0.2 04 0.6 0.8 10
time [msec]

The beam is accelerated from 50keV to 500keV within 1msec.
=> Thebeam orbit shiftsfrom 765mm to 1050mm.

FFAGO2L Workshop 2002.02.74(Thu.)
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Synchrotrron Frequency

at 500keV (flat top)

50usec/div

1

e Wk

revolution frequency:
1.379M Hz

synchrotron frequency:
18.3kHz

synchrotron freq. vs E,_@flat top
30— ,

e “measured
o5 | m caculated

synchrotron freg. [kHZ]
= = N
ol o
5
—0O—Fn
—0O—m
—O——A R
i
i

100 200 300 400 500
E kin[keV]

The observed synchrotron freguency

agreed with those expected by the
beam simulation.

FFAGO2 Workshop 2002.02.7%(Thu.)



E Rt

C . I l

With Rapid Acceleration

For non-scaling FFAG
or For semi-scaling FFAG
where to keep perfect scaling is difficult.



normarized RMS emittance

Continuous accerelation [acc. rate
= 1kV/turn
_ o 2kV/turn
14- - . A 3kV/turn 39
' "o 40
13- [ u } - O .
A W=3.9— ot — | \DW @
124 . -=‘ ar 'Y im -
? 11- l. 0 o® . ° g 3'0__ dTurn
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Ittance Gro

AN

The emittance growth Is In inverse proportion
to the acceleration rate.



Br of main body(Bg =0): B:@&ig Z- Ko(k- 2)Baerg A

r — =

Iy élh g 3I’ I &

Feed Down Caused by Misalignment z- z Zz,

2 i k-3 -3
— 32)B°§L% (2- 7y =- 28, &Lg (Z- 82,2° +32, 2- 7)
ar, I o ar, o & )
2
Term of QuadrupoleLike: Q. _z=- X (k'zzzBozo
rO

2
% @4 10 (T/m) U z =0.1mm

Inthiscase _ K°(k- 2)B
2r°

dn :ié bDKds = i@c b Qerror ds @3’ 10°%
2p 20

of

Stop band i1s negligible.
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'P’-i_—..-_r > -.—~':_-\.

. acceleration rate

Magnetlcfleld determl nes d_n

dE dTurn
dn dE dn
Rate of tune change 0
dE dTurn dTurn
9N 0,00365 (kev )
o dE
g o dn

v =0.31234+0.00356E

= 0.00365 (keV *)* 3(keV /turn)

o
oo

——————— dTurn
160 180 200 220
Energy(eV) » 0.01(turn™)

If the COD Isthe same order asthat of this example,
The vertical integer resonance crossing will be achieved
with the rate of tune change an order of 0.01(turn-1)



Resonance crossing & Fast Acceleration (1)

In FFAG synchrotron.......
the fast acceleration =>  the beam can be accelerated
even if the betatron tune crosses the
resonance line during the acceleration !

In PoP-FFAG 710keV => —— - — wall
-
| 630keV => %
B « rk )
I )> § . syih phase
| | radius B i
o A | % = O | g # E —l
E 2| < a > csonance second accelerating
- : v crosing start time
0— radius
I I
< D> >
tune=const. tune = const. —

\ accelerating speed can be changed !'

FFAGO2L Workshop 2002.02.74(Thu.)




Resonance crossing & Fas¥ Acceleration (2)

the beam was accelerated from 630keV to 710keV

In various accelerating speed !
¢S=20 Deg cpS:lO Deg ¢=4 Deg

acceler ating speed:
sow => doesn’t crossthe resonancelin

resonance*
line!

fast => can crosstheresonanceline

FFAGO2 Workshop 2002.02.7%(Thu.)



Normalized Field Strength at Median Plane

/

the Inner

\

the outer

Nor. Bz/Bz-peak
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progress repory 2002 02 23 (Sat.)



Distripbutred coils arrangemen?t

Magnetic field with large k-value can be made by distributed coil arrangement!

adv. : - possibletochange k-value!
Il - possible to make a long pole !

______________ { ___}_____f?d'us - possiple to make a high field !
disadv. : - complicate operation !

; ( each coll needs to have a

different set of current )

rL] - field quality may be not so good !

( Field fluctuates according to the
radius coil distribution. )

magnetic field
W
Il
oy

We should be careful in designing the magnet with this methodj!

progress repory L002 02 23 (Sa+t.)



distriputred coils +ype 1




distribured coils *type 1

| 7-20.0

|
)1440. X460./0 B(Zf 30—{0 | Y’ i X520.0
Nﬁhﬁq _Z O
N B E &
—ls
_740.0
|
|
[9/Febi2002 10:14:02 Page 7|

|
_760.0

progress repory L002 02 23 (Sa+t.)



distriputred coils +ype 1

Bz [Gauss]

3000 ?%
o!
g
2500
[0Deg]
O By caculated
2000 —fit By 11
[y 81844eo7xr"3 5257+0]
15004 | | i i i
460 480 500 520 540
radius [cm]
4.0
o 38
=}
S 36
N
® 34
[&]
o
- 32
o)
% 20 : : ! :
g 10F \ ' [0Deg]
s 0 e A\ /\ /N J\ O Locd K
2 | \d T\ ~ — Fitting K
g -10[ 5 . — rate
=1 H H H H
= .20 | l | | |
460 480 500 520 540
radius [cm]

Normalized Bz

1.0
08 — r=450 r=460 r=470
—— r=480 r=490 —— r=500{:
} — =510 — r=520 r=530| :
0.6 r=540 —— r=550 ;
04
0.2
0.0 i =
0.00 0.05 0.10 0.15 0.20
0 [rad]

] .H Yol ..
.2 .l =
] u
1./H
= |
3 | |
4.2 T .'!. T T T T L | T T T 1
43 48 47 48 43 534 51 52 53 54 4.3

FFAGO2 Workshop 2002.02.7 %EEHu))



disteiputred coils type 3

_Z-40.0

i Z-20.0

X5

560.0

SEEes

[ 9/Feb/2002 14:04:40 Page 9|

V- OPERA-3d

processor 7.03
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disrreiputed

coils +ype 3
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FFAG proton model R&D

R&D of 150-MeV FFAG %

-




Purpose of 150MeV-FFA

Medical Application => Proton Cancer Therapy

Proto type of 150MeV-FFAG R&D for Future Cancer Therapy

{FFAGDDDDDDDDDDDDDDD

0o ppp



Appl. to Cancer Therapy

High Repetition Acceleration : FFAG opens New Schemes in Beam Therapy
(1)3D Fast Spot-Scanning (2)" in-situ” Dosemetry by Super Sonic Phonon

3D Fast Spot Scanning
EIEE =0 HE
Libhki
=4 -
2 - < &
FO— S —uiE Ay + Ak

"in-situ'' dosemetry by Super Sonic Phonon

P -k,
O T R T

i T 3 TR
>
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150-MeV proton FFAG accelerator R&D

Prototype for various applications:
construction 2000-2004
# Injector : H Cyclotron (12-MeV:~50uA)
# High repetition extraction: kicker(IGBT power supply)

# Applications: Cancer therapy,Muon phase rotation
150MeV FFAG main parameters

No. of sectors 12 Closed orbit radius 4.4m -5.3m

Field index(k -value) 7.5 Betatron tune

Energy 12MeV - 150MeV Horizontal : 3.8

Repetition rate 250Hz (1kHz) Vertical : 2.2

Max. Magnetic field rf frequency 1.5 -4.6 MHz
Focus-mag.: 1.63 Tesla rf voltage 25kV

Defocus-mag.: 0.13 Tesla Injector 12-MeV Cyclotron



150MeV-FFAG
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Yoke-free magnet of triplet sector FFAG

injection & extraction : large ﬁexibilitj/_- _
beam

’50.0

injection

N
X600.0
Sy

extraction |
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Pre-processor 2.609
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Magnet of 150-MeV proton FFAG
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summary FFAG is wonderful !

*PoP proton FFAG: works successfully!
*150-MeV proton FFAG : under construction
*FFAG based Neutrino Factory : design and R & D

FFAG is good for short-lived secondary particles(,RI)
because ---> (1) Fast Acceleration [ sec
(2) Large Acceptance >10,000rumm,mrad
ApP/pP>+-50%

FFAG Web site http://hadron.kek.jp/FFAG
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